Anaerobic ,6-galactoside transport in whole cells and membrane vesicles from E. coli ML 308-225 is coupled to the oxidation of a-glycerol-P or D-lactate with fumarate as an electron acceptor. Alternatively, anaerobic ,6-galactoside transport may be coupled to the oxidation of formate utilizing nitrate as electron acceptor. Both anaerobic electron-transfer systems are induced by growth of the organisms under appropriate conditions. Components of both systems are loosely bound to the membrane, necessitating the use of a modified procedure for vesicle preparation in order to demonstrate anaerobic transport in vitro. Addition of ATP or an ATP-generating system to vesicles prepared from anaerobically-grown cells or inclusion of ATP or the ATP-generating system during preparation of vesicles does not stimulate transport. The results support the conclusion that active transport under anaerobic conditions is coupled primarily to electron flow.
Cytoplasmic membrane vesicles isolated from Escherichia coli, as well as a number of other organisms, catalyze the active transport of a wide variety of metabolites such as amino acids, sugars, hexose phosphates, hydroxy-, keto-, and dicarboxylic acids, and potassium or rubidium (in the presence of valinomycin) (1) (2) (3) (4) (5) (6) (7) . In E. coli and Salmonella typhimurium, these transport systems are coupled primarily to the oxidation of D-lactate or reduced phenazine methosulfate (PMS) via a membrane-bound cytochrome chain with oxygen as the terminal electron acceptor (1, 2). The energycoupling site for transport in E. coli vesicles is localized in a segment of the respiratory chain between D-lactate dehydrogenase and cytochrome b1 (1, 2) , and evidence for an electrontransfer-coupling component mediating the coupling of respiratory energy to active transport has been presented (8) .
One aspect of these respiration-dependent transport systems that has not been studied is their possible relationship to active transport under anaerobic conditions. Obligate anaerobes or facultative anaerobes growing under anaerobic conditions transport nutrients; moreover, 5-amino-levulinic acid-or heme-requiring mutants of E. coli presumably do not manifest transport defects. Although ATP is not involved in active transport under aerobic conditions (1,. 2, 9-15) , evi- dence has been presented which is consistent with the interpretation that cells can utilize glycolytically-generated ATP to Abbreviation: PMS, phenazine methosulfate. * This is paper XVII in the series, "Mechanisms of Active Transport in Isolated Bacterial Membrane Vesicles." The preceding paper is given in ref. 5. § To whom reprint requests should be addressed.
drive transport under anaerobic conditions (10) (11) (12) (13) (14) (15) (16) . It is also possible, however, that such cells might use the same general type of transport mechanisms as that used aerobically, with the exception that an alternative electron acceptor is used rather than the cytochrome chain and oxygen. Recent experiments carried out by Butlin (13) demonstrate that mutants of E. coli which are deficient in calcium, magnesium-stimulated ATPase (17) are able to catalyze active serine or phosphate transport anaerobically in the presence of fumarate. The experiments presented here confirm these observations for fl-galactoside transport, and demonstrate that anaerobic transport can also be coupled to nitrate reductase. A modified procedure for the preparation of membrane vesicles is described which allows the study of these anaerobic-transport mechanisms in vitro.
MATERIALS AND METHODS
Culture Media and Growth Conditions. E. coli ML 308-225 (i-z-y+a+) was grown at 370 on minimal medium A (18) supplemented with 0.1% yeast extract (Difco) and the following carbon sources, electron acceptors, and trace metals:
(a) 0.5% glycerol; (b) 0.5% glycerol plus 10 mM sodium fumarate; (c) 0.5% glucose; or (d) 0.5% glucose plus 50 mM potassium nitrate, 1 IAM selenic acid (19) (20) (21) , and 1 gM sodium molybdate (19) (20) (21) . Cultures were grown aerobically as described previously (18) . For anaerobic cultures, 3- (18) or by a modified procedure described as follows: approxi-mately 2 g wet-weight of a spheroplast pellet obtained by centrifugation at 13,000 X g for 30 min was lysed by rapid dispersion in 10 ml of 10 mM potassium phosphate buffer (pH 6.6) containing 2 mM magnesium sulfate and pancreatic DNase (Worthington) and RNase (Worthington) at final concentrations of 10 ,/g/ml each. Dispersion was achieved-by means of a hypodermic syringe fitted with an 18-gauge needle. The lysate was incubated at 370 for 30 min on a rotating shaker platform. After 15 min, if the suspension was still viscous, additional magnesium sulfate and DNase was added to bring the final concentrations to 5 mM and 20 pug/ml, respectively, and the incubation was continued for 15 min. The suspension was then centrifuged at approximately 800 X g for 1 hr in order to remove whole cells and unlysed spheroplasts as judged by phase-contrast microscopy. The milky, opalescent supernatant from this centrifugation containing membrane vesicles was carefully decanted, and centrifuged at approximately 46,000 X g for 1 hr. Finally, the membraneous pellet obtained from this high-speed centrifugation was resuspended in 50 mM potassium phosphate buffer (pH 6.6) to a protein concentration of approximately 5-10 mg/ml. Samples of 1.0 ml were rapidly frozen and stored in liquid nitrogen.
Lactose Transport was assayed under aerobic and anaerobic conditions as described previously (18, 22) . 
RESULTS
Whole Cells. Anaerobic lactose transport by E. coli ML 308-225 grown under each of the conditions described in Methods is shown in Fig. 1 . Cells induced for a-glycerol-P dehydrogenase and fumarate reductase exhibit a marked increase in lactose transport when D,-a-glycerol-P and fumarate are added to the incubation medium (panel 1). Similarly, cells induced for formate dehydrogenase and nitrate reductase exhibit a marked increase in lactose transport in the presence of formate and nitrate (panel 3). Addition of a-glycerol-P and fumarate to the latter elicits no stimulation of lactose transport (panel 3), nor does addition of formate and nitrate have any effect on lactose transport by cells grown anaerobically in the presence of glycerol and fumarate (data not shown). When the cells are grown either aerobically on glycerol as a carbon source (panel 2) or anaerobically with glucose as a carbon source (panel 4), addition of a-glycerol-P and fumarate or formate and nitrate causes no stimulation of lactose uptake over endogenous levels. These data demonstrate that anaerobic ,B-galactoside transport by whole cells can be coupled to either of two specific, inducible redox systems-a-glycerol-P dehydrogenase :fumarate reductase or formate dehydrogenase :nitrate reductase. (18, 22) and in Materials and Methods. Where indicated, DL-a-glycerol-P (sodium salt) and sodium fumarate or potassium formate and potassium nitrate were added to the reaction mixtures to 10 mM final concentrations. 0, no additions; O,a-glycerol-P + fumarate; A, formate + nitrate.
Membrane Vesicles. In order to investigate more precisely the coupling between,-galactoside transport and these anaerobic electron-transfer systems, membrane vesicles were prepared from cells grown under the conditions described above. Initial attempts to obtain transport under anaerobic conditions with membrane vesicles prepared by the usual method (18) were negative, as were studies with vesicles prepared from spheroplasts lysed in the presence of ATP or an ATP-generating system consisting of ADP, creatine-P, and creatine-P kinase. Since the standard procedure for preparation of membrane vesicles involves lysis of spheroplasts by dilution into 300-500 volumes of hypotonic buffer, followed by extensive washing in EDTA-containing buffer (18) , the possibility was considered that one or more factors necessary for anaerobic transport might be removed from the vesicles by these drastic conditions. For these reasons, the alternative method described in Materials and Methods was devised. In contrast to the previous method of preparation (18) , this method involves lysis of spheroplasts in much smaller volumes in the presence of magnesium sulfate, and extensive washing is avoided. Although yields of membrane vesicles obtained using this procedure are considerably diminished, these vesicles, shown in Fig. 2 , do not differ significantly from those prepared according to the original procedure (1, 2, 18) . As shown, the preparation consists essentially of intact unit membrane-bound sacs. The sacs are surrounded by a single 65-to 70-& membrane, and there is no recognizable internal structure. Moreover, these preparations catalyze anaerobic ,B-galactoside transport when the appropriate electron donors and acceptors are added to the assay mixtures.
The data presented in Fig. 3 suggesting that these preparations are not as depleted of endogenous energy reserves as those prepared using the previous method (18) , despite their appearance under the electron microscope. This suggestion is consistent with the observations that addition of either a-glycerol-P or fumarate alone causes significant stimulation of lactose uptake over endogenous levels (left-hand panel). Although data will not be presented, it is also noteworthy that no stimulation is observed on addition of formate and/or nitrate, ATP, or when the vesicles are prepared in the presence of ATP or an ATPgenerating system (ADP, creatine-P, and creatine-P kinase).
The data presented in Fig. 4 represent transport assays carried out with the identical vesicle preparations under aerobic assay conditions. As reported previously (1, 2), Dlactate, a-glycerol-P, and particularly ascorbate-PMS cause marked stimulation of both the initial rate and steady-state level of lactose accumulation. Addition of fumarate alone or with D-lactate, a-glycerol-P (Fig. 4) , or ascorbate-PMS (data not shown) has no significant effect.
When these membrane vesicles are washed in 50 mM potassium phosphate buffer (pH 6.6) containing 10 mM magnesium sulfate, anaerobic transport in the presence of aglycerol-P and fumarate is markedly diminished, and complete loss of activity is observed after a second wash. However, no loss of activity is observed when the vesicles are assayed under aerobic conditions in the presence of D-lactate, a-glycerol-P, or ascorbate-PMS. These findings provide a strong indication that one or more components of this anaerobic system are loosely bound to the vesicle membrane. Attempts to restore anaerobic-transport activity with a crude soluble fraction from sonicated whole cells, flavin adenine dinucleotide, flavin mononucleotide, ubiquinone Qi or Q6, menaquinone MK 1, or combinations thereof were negative.
Membrane vesicles prepared from cells induced for formate dehydrogenase and nitrate reductase also catalyze anaerobic lactose transport (Fig. 5) . As expected, these vesicles require formate and nitrate rather than a-glycerol-P and fumarate; however, the vesicles exhibit relatively low specific activities under either anaerobic or aerobic conditions. As shown in the left-hand panel of Fig. 5 Formate alone has no effect, while addition of nitrate alone causes transient stimulation of lactose uptake. Although not shown, no other combination of electron donors and acceptors tested stimulates lactose uptake above endogenous levels (e.g., D-lactate plus nitrate, a-glycerol-P plus nitrate, aglycerol-P plus fumarate), nor does ATP or the ATP-generating system. In contrast to vesicles prepared from cells grown anaerobically with glycerol and fumarate, aerobic transport catalyzed by these vesicles is markedly diminished ( (18, 22) and in Materials and Methods. Where indicated, potassium formate, lithium D-lactate, D,I.a-glycerol-P (sodium salt), and/or potassium nitrate were added at final concentrations of 10 mM. Sodium ascorbate and PMS, where indicated, were added at final concentrations of 20 and 0.1 mM, respectively, and these reactions were carried out under oxygen (22) . 0, no additions; @, formate; V, nitrate; A, formate + nitrate; V, D-lactate; 0, aglycerol-P; E, ascorbate-PMS.
right-hand panel). Despite some stimulation by formate plus nitrate or ascorbate-PMS, the specific activity of these membrane vesicles is only about 5-10% of that exhibited by vesicles prepared from cells grown anaerobically on glycerol and fumarate (compare Figs. 4 and 5) . D-Lactate-or ascorbate-PMS-dependent aerobic lactose transport by membrane vesicles is strongly inhibited by a number of electron-transfer inhibitors (1, 2). Potassium cyanide, for instance, at a concentration of 10 mM inhibits lactose uptake to the extent of 85-90%. In contrast, a-glycerol-P dehydrogenase:fumarate reductase-coupled anaerobic lactose transport is only moderately inhibited by cyanide concentra- tions as high as 20 mM, while the endogenous activity is almost completely abolished (Fig. 6, left-hand panel) . On the other hand, formate dehydrogenase:nitrate reductase-coupled anaerobic lactose transport is completely abolished by 20 mM cyanide, as is the endogenous activity (Fig. 6, right-hand  panel) . DISCUSSION Experiments presented in this paper demonstrate clearly that anaerobic ,3-galactoside transport in whole cells and membrane vesicles can be coupled to at least two specific, inducible electron-transfer systems which do not require oxygen as a terminal electron acceptor. In one case, anaerobic lactose transport may be coupled to the oxidation of either a-glycerol-P or D-lactate with fumarate as an electron acceptor; and in another, to the oxidation of formate with nitrate as electron acceptor. These findings, as such, provide strong support for the conclusion based on previous experiments (1, 2, 5) that active transport in E. coli is coupled primarily to electron flow.
Both of the anaerobic electron-transfer systems used in these studies have been investigated in some detail in E. coli. The a-glycerol-P dehydrogenase:fumarate reductase system is particulate, requires both flavin adenine dinucleotide and flavin mononucleotide (24) (25) (26) (27) (28) , and has most recently been shown to be capable of catalyzing the phosphorylation of ADP to ATP (29) . Although data have not been presented here, spectral measurements carried out during the course of these investigations indicate that a cytochrome of the b type may also be involved in the coupling between a-glycerol-P dehydrogenase (and D-lactate dehydrogenase) and fumarate reductase. The formate dehydrogenase:nitrate reductase system is also particulate, involves cytochromes of the b type, is capable of catalyzing ATP formation, and, in addition to nitrate, requires selenium and molybdate for induction of maximal activity (30) (31) (32) (33) .
In order to obtain membrane vesicles that can catalyze anaerobic lactose transport by means of either of these systems, a modified procedure was devised which apparently allows sufficient retention of one or more components of these anaerobic electron-transfer systems. Thus, membrane vesicles prepared by the usual means or washed vesicles prepared using the procedure described here are devoid of activity. Moreover, attempts to reactivate these vesicles were unsuccessful. In any case, both the rate and extent of anaerobic ca-glycerol-P dehydrogenase (or D-lactate dehydrogenase): fumarate reductase-coupled lactose transport by vesicles prepared by the procedure described are comparable to those obtained under aerobic conditions with vesicles prepared from aerobically or anaerobically grown cells. On the other hand, vesicles prepared from cells induced for the formate dehydrogenase: nitrate reductase system exhibit markedly diminished specific activities under anaerobic and aerobic conditions. Since precautions were not taken in these studies to prepare vesicles under anaerobic conditions or in the dark, this relative lack of activity may be due to the oxygen and/or light lability of some components of this system (34) . In a similar context, the difference in cyanide sensitivity exhibited by the two preparations may be explained by the ability of cyanide to complex selenium and/or molybdate with resultant inhibition of the formate dehydrogenase: nitrate reductase-coupled transport system (30) .
Another aspect of these experiments which bears on the general problem of anaerobic-transport mechanisms is the failure to obtain any stimulation whatsoever of lactose transport with ATP or ATP-generating systems in any of the preparations studied. Previous studies (9-15) provide strong support for the conclusion that ATP does not play a role in active transport under aerobic conditions; however, a number of investigators have provided evidence that ATP may be involved in anaerobic transport (10) (11) (12) (13) (14) (15) (16) . Although it is certainly possible that membrane vesicles prepared under any conditions lose coupling factors that are necessary for ATPdriven transport, experiments carried out with anaerobically grown, cold-shocked cells in which nucleoside triphosphates have been shown to be substrates for RNA polymerase (35) have also been negative with regard to ATP-driven transport (14, Konings, W. N. & Kaback, H. R., unpublished experiments). In view of these findings, the possibility should be considered that the involvement of ATP in anaerobic transport is indirect, mediated perhaps by reverse electron flow (36 
